. The sequential activity at UP state onset therefore appears to be specific of 86 activity of NR neurons during epochs dominated by theta (4-6 Hz) oscillations. We did not find 88 stable sequential neuronal assemblies during theta (data not shown). Together, these results 89
show that, at the beginning of UP states, cell assembly formation occurs first in NR, then in 90 mPFC and marginally in the HPC and neighboring thalamic nuclei. 91
We then quantified the reliability of these sequences. To do so, we computed at each UP state 92 the activation latency of each neuron relative to the population peak activity (see Methods). The 93 local activation order of the cell assembly was determined from the ascending sorting of the 94 activation latencies. We then measured the Spearman rank correlation between the local 95 activation order and the template order. A rank correlation r = 1 indicates that the sequential 96 activation follows exactly the template order determined previously by the average phase 97 preferences. For NR neurons, the template order was significantly expressed in 32% of the total 98 number of UP states (min = 15%, max = 37 %, Spearman test, p < 0.01), while mPFC reliable 99 sequences were found in only 25 % of the UP states (min/max = 5 / 31 %, Figure 1C ). In 100 contrast, reliable HPC sequences were only detected in 2 % of UP states (min/max = 1 / 6 %) 101 and in 2 % for sequences in TH neurons (min/max = 1 / 14 %). Although the proportion of 102 reliable sequences in NR and mPFC were not significantly different (KS-test, p = 0.15), the 103 average Spearman correlation values of the reliable sequences were significantly larger in NR 104 than in mPFC (KS-test, p < 0.01, Figure 1D ), indicating that the NR cell assembly sequential 105 organization is the most consistent. To estimate the participation of neurons in sequence 106 generation, we calculated a participation index, defined as the probability for a given neuron to 107 be involved in a given sequence (see Methods). The participation index was consistently larger 108 across experiments in NR (median: 0.63, min/max: 0.55 / 0.81) than in mPFC (median: 0.52, 109 min/max: 0.36 / 0.60; KS-test, p < 0.05). Thus, mPFC and NR are characterized by highly stable 110 patterns of sequential neuronal activations at the onset of the UP state, with NR sequences 111 being more reproducible. 112 NR cell assemblies are spatially distributed 113 We also investigated the spatial distribution of the NR and mPFC cells assemblies. For each UP 114 state, we correlated the local activation order of each neuron to their anatomical dorso-ventral 115 localization (Figure 2A) . The slope of a linear fit of such correlation provides the information on 116 whether the activity is propagating in a given direction (Luczak et al., 2007) (see Methods, 117 Figure 2B ). Even though both NR and mPFC can show some degree of propagation in a 118 preferential direction, NR average slopes were consistently larger than mPFC ones (KS-test, p < 119 0.05, Figure 2C) , reflecting a dorsal-to-ventral direction of propagation of the neuronal 120 activations. To assess the consistency of the preferential direction of propagation, we calculated 121 the Spearman rank correlation between the rank of the template order and the anatomical 122 location of the corresponding recording site. We found a highly significant correlation in NR 123 recordings in most cases (n = 4 out of 5, median | r | value across all n: 0.65, p < 0.001), 124
whereas it was virtually absent in mPFC (n = 1 out of 7, |r| = 0.35, p < 0.01) ( Figure 2D ). There 125 are thus more spatially organized sequences in NR as compared to mPFC (z-test, p < 0.05, 126
Figure 2E). 127
Altogether, these results demonstrate that NR displays at the UP state onset robust sequential 128 activations which are spatially organized in a dorso-ventral stream. This is particularly surprising 129 as it suggests a topical spatial organization of the neuronal output in the NR. 130
NR activity is necessary to the mPFC and HPC sequences stability 131
The fact that NR cell assemblies are generated before mPFC and HPC ones raises the 132 possibility that NR neurons may control mPFC and HPC sequences. To test this hypothesis, we 133 performed chemical inactivation of NR using Muscimol (see Methods) and recorded the activity 134 of mPFC neurons (n=140, n=3) and HPC (n=71, n=3) neurons. Following NR inactivation, mPFC 135 neurons showed a less rich activity during the UP state as compared to non-inactivation, control 136 recordings ( Figure 3A) The distribution was much narrower in inactivation conditions ( Figure 3B) . We then calculated 139 the distribution of the pooled variability of the activity peak triggered histogram (APTH, see 140 methods and Figure 3C insert) in control and NR inactivation conditions. The median APTH 141 variability across experiments was consistently lower when NR is inactivated (control median: 142 9.62, min/max: 8.98 / 10.60, NR inactivation median: 8.92, min/max: 8.67 / 9.02, KS-test, p<0.05), 143 as shown in Figure 3C . Moreover, the UP state duration was slightly shorter (control: 0.55 s, NR 144 inactivation: 0.48 s, Mann-Whitney test, p < 0.001), as revealed by the extra peak in UP state 145 duration distribution around 0.25 s, which did not exist in control data ( Figure 3D ). We then 146 evaluated the outcome of the mPFC sequences in such conditions. First, NR activity suppression 147 resulted in a reduced capacity of mPFC to generate reliable sequences as compared to control 148 condition since only 6.5% of them (min = 4.0% max =8.4%) were reliable (as compared to 149 control median: 25%, min/max: 5 / 30 %, KS-test, p<0.05 Figure 3E ). Moreover, the fraction of 150 participating neurons in reliable sequences decreased in such condition (control: 53%; 151 inactivation: 38%; KS-test, p < 1e-5; Figure 3F ). These results support the proposal that NR 152 controls the stability and reliability of mPFC sequences. 153
The UP state of the SO poorly modulates the activity of HPC neurons and the formation of timely 154 organized cell assemblies, however, SPW-Rs are more likely to trigger a sequential activation of 155 HPC firing (Buzsáki, 2015). We therefore investigated the consequences of NR inactivation on 156 HPC sequences during SPW-Rs. NR inactivation did not affect HPC neurons firing rate (control 157 median: 70 Hz, min/max: 41 / 85 Hz, NR inactivation median: 52.59 Hz, min/max: 33 / 71 Hz, 158 KS-test, p=0.97, Figure 4A ). In addition, NR inactivation did not alter the frequency of SPW-Rs 159 occurrence (median control: 0.087 Hz, min/max: 0.043 / 0.11 Hz, NR inactivation: 0.029 Hz, 160 min/max: 0.022 / 0.049 Hz, KS-test, p=0.32, Figure 4B) . Similarly, neither their power (mean 161 normalized power control: 157 ± 2, NR inactivation: 144 ± 5, T-test, p=0.295; Figure 4C sequences found within SWP-Rs was drastically reduced (control median: 20%, NR inactivation 165 median: 2%, z-test, p<0.001; Figure 4D ). Besides, the remaining cell assemblies recruited a 166 significantly lower number of neurons (control median: 37.5 %, min/max: 12.5% / 80%, NR 167 inactivation median: 8.3 %, min/max: 0% / 66.7%, KS-test, p<0.001, Figure 4E ). These findings 168 support the proposal that NR also controls the sequential organization of neuronal firing in HPC 169 during SWP-Rs. 170
Discussion

171
In this study, we showed that ⅔ of NR neurons fire within robustly spatially and temporally 172 organized cell assemblies at UP state onset; and that NR activity controls cell assemblies' 173 stability in mPFC at UP state onset and in HPC during SPW-Rs. These results further support the 174 concept that the NR is a key functional hub in memory networks involving the medial prefrontal 175 cortex and hippocampus. 176
The sequential activation of neuronal assemblies constitutes a core feature of information 177 processing in the brain In conclusion, our results further support the concept that the NR plays a key role as an 226 anatomical and functional hub between the mPFC and HPC. The control it exerts on mPFC and 227 HPC information packets suggests that it strongly participates in the organization of information 228 in both regions but also in the transfer of information from the HPC to mPFC. Its internal 229 organization allows the genesis of information packet sequences, which may represent similar 230 features as those coded in the mPFC and HPC. 231
Materials and Methods
232
Contact for Reagent and Resource Sharing
233
Further information and requests for resources may be directed to and will be fulfilled by the 234 Lead Contact, Dr. Pascale P. Quilichini (pascale.quilichini@univ-amu.fr). 235 Quilichini et al., 2010) . 290
Key Resources
Neurons were assigned as "NR neurons" by determining the approximate location of their 291 somata relative to the recording sites, the known distances between the recording sites, the 292 histological reconstruction of the recording electrode tracks and subsequent estimation of the 293 recording sites. All the neurons recorded from sites located near the close contour of the NR 294 were discarded. Neurons located at a minimal distance of 200µm of NR border and located 295 within contours of the ventro-median, submedian or antero-median thalamic nuclei were 296 classified as "other thalamic neurons" and used in the analysis (Ferraris et al., 2018) . 297
Data post-processing 298 From the spike times, the instantaneous firing rates of each cell was calculated by counting the 299 number of spikes inside a window of 50 ms, in overlapping intervals of 10 ms. The population 300 firing rate was estimated averaging the single cell firing rates at each 10ms interval. Both the 301 population rate and the single cell firing rate were smoothed with a Gaussian kernel of 5ms 302 width. Peaks of population activity (AP) were identified as the points where the population rate 303 amplitude was larger than the average rate plus 1 standard deviation. A separation between two 304 consecutive peaks of at least 600 ms was imposed on the peak detection algorithm to avoid 305 multiple peaks of activity within one up-state. For visualization purposes, all firing rate's heat 306 maps were normalized with the peak firing rate for each cell to guarantee a variation between 307 Berens, 2009) to compute the mean phase at which each neuron fires ("preferred phase") and 314 to build their firing-phase histograms (Figure 1Ba ). For visualization purposes, the resulting 315 histograms depicted in the heat maps were normalized with the peak value of the distribution. 316
For each cell, we then calculated a resultant vector characterized by an angle describing the 317 average preferred phase and a magnitude with values between [0 1], quantifying the coherence 318 of the phases. The template order was obtained by organizing the average preferred phase in 319 increasing order (0 to 2π). 320 321 We extracted the UP state duration as described in (Ferraris et al., 2018) . At each UP state, the 322 local activation order was calculated by measuring the time lag between the first activation of 323 each neuron relative to the AP in a +/-200ms window. Ordering the latencies in increasing order 324 resulted in the local activation order. The reliability of a given sequence within a population peak 325 was quantified as the Spearman rank correlation of the template order and the local activation 326 order in that particular UP state. Sequences were considered reliable above 99% significance 327 level. For each reliable sequence, the velocity of sequential activation was computed as the 328 slope of a robust fit between the local activation order and the activation latency. To assess 329 whether a neuron participated in a given sequence, the outliers in the robust fit were identified 330 as those whose residual value were larger than twice the standard deviation of the residuals in 331 the robust fit. The participation index is then calculated as the mean fraction of neurons that 332 participated in the sequences of a recording session. A second linear fit between the local 333 activation latency and the site of the linear probe closest to the neuron gives a measure of the 334 directionality of the sequence activation. A slope of the fit different than 0 implies an activation 335 towards a given direction. Since this slope has units of time/electrode site, we multiplied the 336 resulting value by 32 (the number of sites in the electrode) to account for the time required for a 337 sequence to travel along the electrode. 338
Sequence reliability, sequence velocity and participation index
Activity peak triggered histogram (APTH) 339 Storing the values of activation time lag relative to the AP at each UP state allows us to compute 340 the so-called activity peak triggered histogram for each cell. With the APTH it is possible to 341 assess the statistics of the firing latencies in the neighborhood of the UP state (+/-200 ms). 342
Once the APTH is obtained, one can calculate the variability of the activation lags as a measure 343 of the firing extent around the peak reported in Figure 3C . Variability of the APTH can be 344 calculated in analogy to the variance of a probability distribution function where τ is the mean 345 value of the APTH (See Figure 3C insert) . 346 Once the SPW-Rs were detected, the SPW-R half time was calculated as the average between 354 the start and the end of it. Then, the APTH for each cell was computed, taking each SPW-R half 355 time as the activity peak. To test whether a cell robustly participates in the SPW-Rs, we 356 compared the APTH against a uniform distribution with identical mean and standard deviation.
SPW-Rs detection and analysis
Cells whose APTH were different from the flat distribution above a 95% level were considered 358 as robustly participating in the SPW-Rs. Cell participation ratio was obtained dividing the number 359 of robustly participating neurons by the total number of recorded neurons for that session. 360
Organizing the average time lag for robustly participating neurons in increasing order defined 361 the template order for the ripple. For each SPW-R, the reliability of activation respect to the 362 template was calculated via the Spearman rank correlation between the activation order of that 363 SPW-R and the template order. To calculate this correlation, only the neurons that belong to the 364 template order were considered. A correlation above 95% confidence interval was considered 365 reliable. 366
Statistics 367
All results reported are based on a significance threshold α=0.05, otherwise stated, and all 368 groups included enough samples to enable rejection of the null hypothesis at that level. We used 369 two sample Kolmogorov-Smirnov test to assess differences between distributions, and t-370
Student's test to evaluate differences in the mean of distributions. Correlation tests involving 371 ranked variables (neuron indices and electrode sites) were performed via a Spearman rank 372 correlation. We tested significant differences between percentages with a two proportion Z-test. 
